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ABSTRACT

An slternating directionm technique is used to solve finite difference
equations approximating the flow of water in an aquifer. The solutiops
produce response coefficients relating pumping from wells to drawdowns
within those wells. The product of the response coefficient with the
'pumping'values produces a linear algebraic technological‘function that can
be used for integrating hydralogic phenomena into plannihg and-management

models.
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Introduction

This program, written in FORTRAN IV for the IBM 360 or 370 series
computers, caiculates thé response coefficients for one or more wells
over a set of sbecified time periods called the design horizon. For
convenience the time period selected represents the length of time during
which the rate of pumping of a well remains constant. The program may
simulate 1) a confined aquifer or 2) an unconfined aquifer providing the
drawdown is small in relation to the saturated thickness (transmissivity
is thus independent of the drawdown). The aquifer may have irregular
shaped boundaries and non-homogeneous transmissivity. Vertical components
of flow in ﬁhe aquifer should be neglible compared to the horizontal com-
ponents of flow. The response fﬁnctions caiculated for the wells are used

to determine drawdown averaged over the area represented by a node. No

well bore correction term is present in this version of the program.

Application

This program may be used to calculate response coefficients relating
pumping to drawdown. The response coefficients areAvalid only if the
following characteristic behavior and restrictions are followed.

1. The region of interest is underlain by a single aquifer.
2. The aquifer may be treated as a two-dimensional flow system.

3. Drawdowns relative to the saturated thickness are always small
(trensmissivity is essentially independent of drawdown).

L. The storage coefficient throughout the aquifer may be tredted
as a constant.

5. There is no land subsidence and water is instantly released from
storage.



6. The boundaries may be regular .or irregular in shape.

T. The transmissivity may be nonhomogeneous but isotropic.

8. The aquifer may have constant head boundaries.

9. Time is broken up into equal intervals called pumping periods.
Within a pumping period, the well must pump at a constant rate.
Any period of time up to 2 years is allowable as a pumping
period.

10. A well may occupy any node position of the grid imposed on the
plan view of the aquifer. The node point represents an area.
The response coefficient calculated for a node may represent
.the effect of more than one well. The number of wells at a
node does not vary over the design horizon. ‘

11. The natural recharge and discharge to and from the aquifer are
not disrupted by the pumping from wells.

12. Wells may be assumed to fully penetrate the a@ﬁifer)

Theory

The satisfying of the above conditions is sufficient to insure that
the aquifer's response to pumping stress can be modeled with a linear
ground water model. It is therefore possible to construct response
coefficients that relate pumping at wells to the drawdown in those wells
(Maddock, 1972). The coefficients exist even if the aquifer has irregularly
shaped boundaries or nonhomogeneous flow parameters, such as transmissivity

and storage coefficient.



The coefficients for an aquifer penetrated by-M wells is derived
as follows. When the previous stgted conditions hold, flow within the

aquifer is modeled by the partial differential equation (Maddock, 1972):

M
V-IR(R) Us(R,6)] = SRISHRE) - T Q(R,,8)8(2-%)) (1)

t =1
where £ is the point (x,y) of observation, T(£) is nonhomogeneous trans-
missivity, S(X) is nonhomogeneous coefficient of storage for a confined
aquifer or specific yield for an unconfined aquifer, s(X,t) is the draw-
dowvn at point £ at time t, Q'(ik,t) is the instantaneous discharge at the
th

kP well at time t, and 6(2-£3) is a Dirac delta function. Assuming no

previous development, the initial condition on drawdown is

s(%,0) =0 - ® within and on boundary (2)
If there are not rivers or streams present and if the pumping does not
interfere with the natural recharge and discharge from the aquifer, the

boundary conditions are

3

=) =0 (3)
vhere A is a parameter indicating that 9s/9n is evaluated on the boundary.
The boundary is irregular in shape, n is the normal direction and 9s/dn(})
is the gradient of the drawdown for the normal to the boundary. If there

are constant head conditions on portions of the boundary l’,the boundary

conditions on that portion are

sfA') = 0 (%)



Equation (1) and its initial and boundary conditions are linear,

hence there exists a Green's function such that

t
s(x,t) = ‘[.Jf G(%,%',t-1)F(X',T) dk'dr (5)
o)
¥ X
where
i M
F(R',t) = I Q'(X,,T)6(R'-XK,) (6)
= J J
J=1
Let the design period consist of N equal duration time periods of length
n. When Q'(ﬁj,r), J=1,...,M, are constants between the i ang 120
time periods, i=1,...,N the drawdown at the kth well at the end of the
nth time period, rewritten s(k,n), is given by the equation
M n Ljﬁh
s(k,n) = T I Q(3,i) G(ik,ij,n n-t)at : (7)
J=1 i=1 (i-1)n
where
Q(3,i) = Q'(ij,in)n (8)

is the quantity of water withdrawn from the jth well in the ith time
period. Define
in
B(k,j,n-i+1) = G(fk,ij,n n-t)dt (9)
(i-1)n

and equation (7) becomes

M n .
s(k,n) = £ I Q(3,i)B(k,j,n-i+1) (20)
J=1 i=1

The B's are the response coefficients and are constants independent of

pumping and drawdown. B(k,j,n~i+l) measures the increment of drawdown



at the kth well at the nth time period due to pumping at the jth well
during the ith time period. The coefficients B's are related to the

well hydraulicé, being fuhctions of the distances 5e£ween wells, the well
radii (grid size)) the transmissivity of the aquifer, the storage coeffi-
cient when the aquifer is confined and the specific yield when the aquifer
is unconfined, the boundary conditions, the initidl conditions, and the
type of partial diffeiential equation chosen to emulate the flow phenomena.
In practice the B's are determined by a simulation model because the
irregularly shaped boundaries and nonhomogenenous parameters make anélytical
determination impossible. Maddock (1972) does determine a set of B's for
an aquifer of infinite extent and.homogeneous parameter by analytical

methods. Equation 9 forms a linear algebraic technological function (LATF).

The Green's function G(X,X',t) is determined by solving the equation

V- [T(R)VG(R,%',t)] = s(?:)g-% (%,%',t) - 6(%,x")8(t) (11)
numerically subject to the causality condition

G(X, X', t-1) =0 t<TtT (12)

and the boundary conditions

%u—) =0 andfor G(A',t) =0 (13)

Applying finite difference techniques to equation (11) leads to a

discrete form of the equation



T, T,
AH 6, -6 )+ (6 6 )
N2 ALK Tigk INERRRE o B
T T, o
ij-% ij+% S_
+ N (G4 5 1% G5 q1) N (64 415 dijk) - 2t %ijx
%EGijk-l"l if k=1
- ‘ (1k)
4% sl ifk>1

A square grid has been used. The index k represents the kth time step
and i and } represent row and column number respectively of the square
grid imposed to produce the discretized form. The i index represents

the discrete form of y and J represents the discrete form of x. The half

node expansions of transmissibility variablé are defined as (Saul'yev,

196L).

Tiag * T
Tigy = 2 (25)
T Tivrg v 05 (16)
itk 2
T, . 4T
_ Ty Ty
Tigx = 2 (a7
T, . 4.7
o Tyt h
Tiges = 2 (18)

An alternating-direction-implicit method is used to solve equation
(14). In addition an iterative procedure is used to increase the speed
and accuracy of the method (Rubin, 1968). Application of these techniques

to equation (14) leads to two new equations

6



+p+I gt gt

Ti3% “ij-1k+1 I35 * Tigep i+ y+¥ iJk+l

nt%

n n . n
= 05 3y Ciageer ~ P Cag * [Tagy * Tiaegy 7T 1 G
n 2
Ti+;5.j Gi+1jk+l * Ax"6(k-1) (19)
and
n+l n+1 n+1 n+l
Ts %5 Ci-15x41 - I, i k3 F Taagy Pt Tig 1G5 Y i Giagkn

s s nHy s
= Tiyg Gigoanar ~ POk * [Tigg * Tiges - Ii,jl] G341

. otE .
- Tij+;5 1341kl * Ax 28(k-1) (20)

where n is the iteration index,

2
p=t5 (21)
123 denotes the iteration parameter at the (i,j) node and is defined
1n 2x, .
n _ .n-1 A1 (22)
T3 7 Ty exp{)\-l} |
with
A —- the number of iteration parameters desired,
x_ —— the larger of the total number of rows or total
m .
of columns for the grid
initially
Il=__“2 [T + T + T P (23)
137 2y ik T itk ik iy .
and
1l k =
§(k-1) = (24)
0 . k#1



Equations (19) and (20) form two systems of linear equations. The
first set represents the row values with column values held fixed, and the
second set represents thé column values with row vélues held fixed. The
velues of Gril,jk+l and G?;iﬁl are compared for all i's and j's. If the
absolute walue of'their difference is less than some convergence factor,
g€, the time increment counter, k, is advanced to k + 1, if not, the itera-
tion parameter index, n, is advanced and the k index remains fixed. The
row and column solutions are repeated for fixed index k, but advancing
jteration parameter index until convergence is achieved. The parameéers
are cycled if more than the A iterations are required. The £ime duration,
At , represented byAthe index advance from k ﬁo k + 1, may be quite large.

Values of up to two years have been used for At. As At increases more

iterations with the iteration parameter are needed to achieve convergence.

Preliminary Operation

Values for transmissivity are given at each node of a grid
superimposed on the plan view of the aquifer. The element of
lengths x and y are equal. The nodal array of the grid is pictured

as follows:

Ax
i-1,j-1 1-1,3 i-1,3+1
by  i,5-1 i,] i,J+1
141,3-1 i+1,3 i+1,3+1



The rules for assigning the values of the hydrologic variables and para-

meters are:

1. If a node point iies oﬁtside the boundary of aquifer, the
transmissivity value for that node is set equal to zero.

2. Values of transmissivity within the boundaries of the aquifer
should have values whose dimensions are in square feet per
second. Thé dimensions of the matrix of the transmissivity
values, zero or non~zero)may not exceed 50 by 50 unless the
dimension statements in the program are changed.

3. Storage coefficient is a dimensionleés constant everywhere
including those areas outside the boundaries of aquifer.

4. Those node points that have a constant head value are flagged.
(see section of Constant Head Boundary cards.)

5. Those node points that have wells are flagged.

When all the input data have been amassed, formatted, and punched onto
cards as outlined in the Input Requirements and Data Description section,

the program is ready to go.

Structure

-

The program consists of a main program and seven subroutines. The
functions of the subroutines are as follows:

1. INF vprovides information as to type of boundary, type of output
desired, initial values of variables, and the transmissivity
values for the aquifer. These variables are uneffected by
loceations of wells.



2. PARAM
3. BOUND
4, INF2

5. ITRATE
6. MATCAL
7. BETA

provides calculations of the iteration parameters for the
implicit iterative method

reads location signals for constant head boundary nodes
and well nodes

assigns the producing well — INF2 is called for each
well node

provides control over the iteration procedures

MATCAL is three subroutines; INITL, ROW, and COLUMN and
they are entered by multiple entry procedures. The three
subroutines initialize the variable used in the solution
technique (INITL), calculate a solution with column values
fixed, (ROW) and then calculate a solution with the row
values fixed (COLUMN).

calculates the response coefficients

Input Requirements and Data Description

Input to the program consists of control cards and data cards

Control Cards

There are two control cards read at the beginning of the program:

the first is called a suppression card and the second is called a

format card.

Suppression Card.-- This card indicates whether or not constant head

boundaries are present, punched output is required, write out on a file

is required, or normal printout is desired. The suppression card

variables are all integers

Column

l1-2

Variable Name

IBOUND Constant head boundary signal:
If IBOUND=1, then there exists
somewhere in the aquifer a constant
head boundary and that constant

10



Column Variable Name

Head boundary location cards to
be read. If there is no constant
head boundary present, leave the
field of IBOUND blank.

3 -4 IDISK ‘ File write out signal: If IDISK=1
then the B's are written out and
stored unformatted on a file with
unit number 10. If no file storage
is required leave the field IDISK
blank.

5 -6 TPUNCH Punched output signal: If IPUNCH=1
: the B's are punched out on cards.
The format for the punched output
is provided by FBETA. 1If no
punched output is required leave
the field IPUNCH blank.

7-~8 IWRITE Printer output signal: If IWRITE=1

the B's are printed on the online
’ : printed. If no printout is required

leave the field IWRITE blank.

Format Cards -- The format cards provide the format for reading in the

transmissivity values and for punching out the B values (if required).

This card is read at the time the program is executed so that the format

of the data is dynamic. The card contains two 16 character fields.

For a detailed explanation of preparing format cards see FORTRAN IV

Language, an IBM publication (IBM C28-6515).

Column Variable Name

1-16 FTRAN Transmissivity data format
containing up to 16 characters.

17 -32 FBETA 8 punchout format of up to

16 characters. To avoid a
syntax error a dummy format
should be supplied even if no
punched output is required.



pata Cards

There are two types of data cards: those that contain integer
values and those that contain real values.>
Integer Parameter Card. -- The integér paramétér card provides the values
for the grid dimension (both length and width), the number of well nodes,
the number of time periods in thé design horizon, and the number of

jteration parameters desired. Each value must be right-justified.

Column Variable Name

1-8 IDIM the total number of rows

9 -16 JDIM the total number of columns

17 -2k NWEL the number of well nodes

25-32 NUMKTIT - "the number of time periods in

. the design horizon. Up to 50

time periods are allowed as
the program is now dimensioned

33 -4o0 LENG the number of iteration para-

meters

Real Parameter Card -- The real parameter card provides the values for
the distance between node points, the constant storage coefficient, a
scaling parameter for transmissivity (in case the user wishes to read
the transmissivities in as integers), the duration of a pumping period,
and a convergence factor to determine if the B's have been calculated
to sufficient accuracy. Each velue must be right-justified unless the

decimal point is punched.

Card # Column Variable Name
1 1-20 DX the distance in feet represented
by consecutive grid nodes
1l 21-40 ) ~ the coefficient of storage

(dimensionless)

12



Column Variable Name
Card # .
1 41-60 SCALE2 Scales integer.transmissivity
‘ : *  values to feet squared per
second. Set SCALE2=1 if no
scaling is required

1 61-80 DT the duration of the pumping
period in seconds

2 1 -20 EPS If two consecutive iterations

produce head values with a
difference less than EPS, B's
are calculated and the program
proceeds to the next time step.
EPS is thus a convergence
factor. '

Pransmissivity Cards -- Transmissivity data should be read in a row at a

time. This somewhat restricts the allowable format statements for FIRAN.

The row number occupies the first field of the first card of a row.

Transmissivity values for the row are then read from the remaining fields

of the card. Cards will continue to be read until all the transmissivity

values for the rows are in. Then a new row of transmissivity values along

with its row number are read. The process continues until all the rows

have been entered. The format for the transmissivity cards is specified

in FTRAN. An example is (20Il4), twenty b-digit fields. The last card of

the set of transmissivity cards is a check card. In columns 2 through 25

of the checkcard the words

TRANSMISSIVITY READ IN
should be punched. This card is read and is printed out. If the above

words appear in the output, the transmissivity wvalues probsbly have. read

in properly.

13



Constant Head Boundary Cards -- Those node points which lie on the
constant head_boundary.are read one node point per gard. If no constant
head boundary is present (IBOUND=0 or blank on the suppression card),

no node points are read. If IBOUND=1 there is a constant head boundary.
Each of the cards provides the row and column number of the node and a
signal flag which determines if another constant ﬁoundary node card is

to be read. ZEach value must be right justified.

Column Variable Name

1-h I ' The row number for the constant head
node :

5-8 - J The column number for the constant
head node '

9-12 ' JSIG A signal flag. If JSIG=0 another
node card is read. If JSIG=1 no
more node cards are read.

Well Cards ~- The well cards read in the row and column number of the

well nodes. A node may be representative of more than one well. As
the program is now dimensioned, up to 100 well nodes are allowed.
The row number is followed by a column number. The format for

the card is 20IlL thus there are ten well nodes per card (10 row numbers

and 10 column numbers). For example, if I(k) is the row number of KR

th

well and J(k) is the column number of the k~ well, then for 2 wells the

card would be as follows:

Column Variable

1-h - (1) rovw number of first well

5-8 J(1) column number of first well
9-12 I(2) row number of second well
13~16, J(2) column number of second well

1k



Each value must he right-Jjustified. Once the well cards are read in,

the input data réquirements have been completed. -

Output

The program output consists of 1) printing the integer and real
varigble inputs, 2) listing well nodes by row and column number, and
3) the option to print-out, punch-out, or write out (on & file) the

response coefficient, B's.

Core Requirements and Time Estimates

The program as it is now written and when it is run on an IBM
370-155 requires 248 K bytes of storage, 9 sec to compile, and averages
2 minutes per well node. calculation (based on a design horizon of 20
one-~year time periods). The calculating of the response coefficient
for 30 well nodés over 20 one-year time periods takes about 60 minutes

of compute time on an IBM 370-155. On an IBM 360-91 the same problem

requires less than 10 minutes of computer time.

15



FLOW CHART

INF’
Read in initial
values and
transmissivity,
volues

A

PARAM
Calculate iteration
paramelers

well node

A 4

Start pumping

Start iteration
process

I
‘e

Do row
calculations

y

Do column
calculations

Up iteration No ’,‘“
paramelier

W

Increese time step

nodes been
chosen

Print aut, punch
oul or wrile out
Betas
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LOADING PROCEDURE

WELL CARDS
i e e
CONSTANT HEAD B@UNDARY

CARDS
TRANSMISSIVITY CHECK CARD

— -
2 LT -,

e p— % TSR i g

—

TRANSMISSIVITY CARDS

e S————— - o, e gk
T T e RS g e e LT N

REAL PARAMETER CARDS

INTEGER PARAMETER CARD

FORMAT CARD

SUPPRESSIgN CARD

— = —
e

e

PROGRAM DECK

JP@B CONTROL CARDS
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APPENDIX A

Input Data to Program
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APPENDIX B

Program Listing



LEVEL 21.7 ( uaN 73 )

1SN 002
1SN CCC3
ISN (2¢Ce
ISN CCCS
1SN Co0Ge
ISN €007
1SN Ceoe
ISN 0009
1SN colo
ISn (011
1SN Coi2
1SN (03
1SN 0Cle
ISA (218
ISN G017
ISN 0019
ISNn cc2)
ISN 0023
ISN 0026
IS\ €025
ISN 0026
ISN.CO027

057360 FQRTRAN K

COMPILER CPTIONS = NAME= MAINsOPT=00 LINECNT=549SIZE=0000K,

o000 0Nn

1

2
3

SCURCE +EBCDICONCLISTINIDECK s LOADIMAP .. JENIToID NOXREF
ACIP=1TFRATIVE
BETA CALCULLATIONS
ACUIFER MCDEL
CCAFINEL AQUIFER CR UNCCNFINED AQUIFER WITH CONSTANT
. TRANSMISSIBILITY IN TIML

Tr1S PRCGRAM USES AN IMPLICIT ALTERNATING DIRECTION SCHEME.

CCMMAN /C87 KT

CCMMON /C10/7 NUMKTINWEL
CC¥MON /C237 IDIVGeKOUNT
CCVMON /C24/ LENG

CaLL INF

CallL PARav

CaLL BOUND

DC 3 KwEL=]oNWEL

CaLL INF2(KWEL)

0C 2 KT=lshUMKYT

CaLlL ITRATE

Call ROw

CaLlL CCLUPMN

IF (KCUNTLLE .S*LENGJANDLICIVG,EQ.)1) GO TO 1
IF (KCUNT.GToS*LENG) WRITE (644)
IF (KCUNT.GT.52LENG) GO TC 3 ‘
IF (ICIVG.EQe0) CALL BETA(KWEL)
CCNTINLE

CCATINLE

STICP

FCRMAT (' THE SOLUTION FAILED TO CONVERGE?!)
END

P> PEPBRBPPIPEPDPEPEDLLEPEPEDRPL>RPPDEPER DD

10
20
30
40

64Q
70
a0
90
100
119
129
130
140
150
160
170
180
190
200
210
220
230
240
250
260
270
280
290
300
310
320
330~

DATE 74.,345/08.22.28



LEVEL

ISN
1SN

ISA
I8N
ISA
1SA
1SN
ISA
1S
ISA
I1SA
ISA
IS\
158
1SN

1Y
ISN

1S
ISA

1SN
1SN

188
ISA

ISA
ISA
ISA

I18Sn
ISA

ISN
TSN

217 t JAN 73 )

: 0S§/7360 FORTRAN H

COMPILER OPTIONS = NAME= MAIN+OPTs00+LINECNTE54¢5IZE=0200K

eao2
0003

code
ceos
cocs
coo7
coo8
cooy
colo0
toll
tole
013
CCle
¢els
¢olé

0c17
0018

0el9
o020

tozl
00z2

0023
00zs

cozs
Gezé
6oz?

cozs
0029

0030
003}

O 0N (e NN o000 (2] (g}

[a X2 Xe)

00

SCURCE+EBCDICoNCLISToNODECKsLOAD™AP+#OEDIT o IDWNOXREF
SLEROQUTINE INF

IMPLICIT WKEAL®B(A=Hs0=2)

CCMMAN /C1/7 IDIMWJDINM

CCMMON /€27 T(S0+50)

CCMMON /C37 HISD4502+STRIH

CCMMON /C4/ DT .
CCMPON /C6/ PL

CCMMON /C97 S

CCMMON /C10/ NUMKTONWEL

CCMPON /C117 TROUNDSIDISKyIPUNCHIWRITE
CCMWON /C13/ DX

CCMMON /C18/7 SCALE?

CCMMON /C197 FTRAN(4) +FBETA (4)
CCMMON /C21/ PARMJPREVH(50150) +EPS
CCMMON /C24/ LENG

INTEGER ToFTRANSFEBETA
NAMELIST /N1/ IBOUNDs IOISKs JPUNCHIIWRITE/N2/ _ENG/NI/SCALF24EPS
READ IN SIGNALS FOR SUPRESSION OR OPERATION JF SUBROUTINES

READ (5+7) IBOUND+IOISKsIPUNCHeIWRITE
WRITE (64N1)

READ IN FORMATS FOR TRANSVMISSIVITY AND PUMPING CARODS,

READ (Se6) FTRANWFRETA
whITE (6+6) FTRANIFBETA

REAC IM INTEGER VARIABLES

mm»o.m.u.~o~z.cc~x.7:mr.:crxq.rmzo
WRITE (640N2) A )

READ 1IN REAL VARIABLES
STRTH=] 000

READ (54+4) DXsSsSCALE2+OTVEPS
WRITE (6403)

P123.14159265359
CatL IMITL

READ IN TRANSMISSIBILITY MATRIX
0C 1 Is1,I0IM

1 READ (SoFTRAN) Is(T(Isd)ed=]sJDIM)

PO DO TP TP I TP ICPCTTRNITICTTTINCTATIICIDIITTOIDCDDHDED

10

0

30

40

S0

60

70

80

9¢
100
110
120
130
140
150
160
170
180
160
200
210
220
230
240
290
260
270
260
290
300
310
32¢
330
340
350
360
370
380
390
400
410
4«20
430
440
450
460
470
480
490
500

DATE

74,345/08.22,30



TSA
ISA

1SA

1SN

1SA
ISA
1SN
ISA

IS\
1S\
ISAN

co32
€033

0034
€03S

0036
€037
c038
0c3§

0040
coal
06042

0o 0

OO0

READ (542)
WRITE (€12)

WRITE (6¢5) DV sDXoSeNUMKTsIDIMeJOIMINWEL

RETURN

FChMAT
FCRvAT
FCRvaAT
FCRMAT

e wn

2X¢30MMAXTIMUM NUMBER OF TIVME STEPS 3914//1Xe24HNUMBER OF LENGTH NOC
JES =2414//71X423KNUVMBER OF wl1DT

4l47)

6 FCRMAT

T FCRMAT
END

(r
(1018)
(4F20,5)

C1rl ol Xe29RLENGTR CF INITIAL VIME STEF =2401644//71%427HGRID
1SFACING OF PRGTOTYPE =3¢F16,4/71X¢2)1HSTORAGE (CEFFICIENT =9Fl0.8/71

(2(4A4))
(1012}

H NODES =914//71Xs "NUMBER QOF WELLS 3y

VLRI CTCTIIOIOODDIIDET T

510
520
530
840
550
560
ST0
560
590
600
610
620
630
640
650
¢60
670
680
690
700~

PAGE 002



LEVEL 2147 ( JAN 273 ) + 0S/360 FORTRAN M " DATE 74,345/08.22.32

COMPILER OPTIONS =~ NAMEZ MAIN9OPT=00sLINECNT3549SIZE=0(00K,
SCURCE +ERCOICINCLISToNOCECKLOADIMAPINIEDIT+IDsNOXREF

ISN €002 SLEROUTINE PARAM c 1o
c c 20
¢ TFIS SUBRCUTINE COMPUTES ITERATION PARAMETERS c 30
¢ C 40
ISn €003 INPLICIT REAL®S(A=Hy0=2) ' ¢ S0
c . c 60
ISN Co04 CCMWON /C1/ ICTMUDIM ¢ 70
ISN €00S CCvMON /C6/ PI . ¢ 80
ISn Coo6 CCMMON /C22/ OMEGA(10) c 90
IS goc? CCPMON /C247 LENG ) _ € 100
c : € 110
ISA cec8 XNAXZAMAXO (1GIMyJDIM) € 120
ISn coe9 CrIN=PIe®2/(2,0®XNMAK) € 130
ISNn 0010 RETA=CEXP(DLOG(1.0/70MIN)/ (DFLOAT(LENG)=1,0)) C 140
Ish coll OMEGA(1}=CMIN . '€ 150
ISN 0012 0C 1 1=2.LENG € 160
1SN C013 1 CMEGA(1)=OMEGA (I~1) ¥BETA € 170
ISA €014, RETURN . € 180
. c € 190
ISn CO01S 1%] € 200~



LEVEL

ISA

ISA

ISA
1SN
1SN
P E1Y
ISA

ISA

1SN
ISA
ISN

I1SA
ISN
IS
ISA
ISA

ISA
I1SAa
ISA

1SN
ISA
1SN

21e7  JAN T3 )

: 08/360 FORTRAN H

COMPILER OPTICAS = NAME= MAINJUPT=00sLINECNT=S44SIZE=(000Ky

0002

0003

0coé
cocs
coo0s
0037
CoOR

€009

0010
coll
pole

ol3
0015
0016
col?
0019

gozo
tozl
0oe2

0023
coze
0025

(2] OO0

Oo0n

(s NaNal

SOURCE +EBCDICYNOLISTINUDECKsLOACyMAF +nOEDIToIDWNOXREF
SUBROUTIANE BOUND

THIS SUFRCUTINE READS IN POINTS OF CONSTANT HIAD AND REAOS IN
wELL NOCES -

IMPLICIT REAL®B(A=H0=2)

CCMMON /C1/ IDIMWUDIM :

CCvMON /CS/ P(50+50)

CCMWCN /C10/7 NUMKTOAWEL .
CCVMON /7C117 IROUNDIDISKs IPUNCH IWRITE
CC¥MON 7C14/7 TTLTO0)0JJ(TO)

INTEGER PoFTRAN,FPUMP

CC 1 I=1,I0IM
DC 1 uslsJDIM
P(led)=0 .

READ IN CONSTANY HEAC PCINTS IF ANY

IF (18CUND.EQ,0) GO TO 3
READ (5+5) leJeJSIG6
Piled)=2

IF (JSIG.EQ.0f GO TO 2
CCATINUE .

READ IN WELL POINTS

READ (5+5) (II(K}eJJ(K)eK=2 o NKEL)
WRITE (644) (KelI(K)oJJUIK) vk=]oNWEL)
RETURN

ﬂhﬂt»ﬁ.wx..(mrr vo~z~m..mx..u..&x..L.\.mx.nm.Ox.uwcuxcnmv-
FCRMAT (2014) ' . .
ENOD

ODOO0ODUOOUDOCO00DOTCOUUODODDOCDDODOOODODC OO0

10
20
30
40
50
60
70
80
90
100
110
120
130
140
150
160
170
180
190
260
210
2290
230
240
250
260
270
280
290
300
310
320
330
340
350
360
370~

DATE 74.345/08,22.,35



LEVEL

1SM
ISN

ISAh
1SN
1SN
1SN
1S\
ISN

ISN

1SN

1SA
1SN
ISN
1S\

1Sn
1SN
1S\
ISN
ISA

ISn
ISN

217 { JAN 73 )

cog2
0003

0004
€005
code
coo?
oocé
€009

0010
co1l

cole
0013
0014
0016

€017
0018
co019
0020
0022

0023
C0cé

0§/7360 FORTRAN H

COMPILER OPTICAS - NAME= tbmz.&v«uoo.r~7mn24um&.m-mu09nox.

non (2]

(a2 X2Nal anon

ann

SOURCEsFRCDTCoNCLIST¢NODECK s LOAD ¢MAPSNOEDIToID ¢ NOXREF
SLRROUTINE INF2(KWFL)

INPLICIT KREAL®B(A=Hy0=2)

CCMMON /C17 I0IMJBIM

CC¥MON 7C3/ H{S50+150) sSTRTH

CCMMON /CB8/ P(S50+50) '
CCMMON /C11/ JROUNDIDISK»IPUNCH IWRITE

‘CCPMON /C147 T1(70)09J(70)

CC¥WON /C237 1DIVGeKOUNT

INTEGER P

INITIALIZE CONSTANTS

ICIvG=0

SET INITIAL VALUE OF HEAD AND ZERQ PUMPING
CC 1 1=1,+10IM

0C 1 J=1.J01K ,
IF (P(I+J)NEL2) P(Ivd)30

1 R{1yJ)=STRTH

SET UP FUMPING WELL

I=]] (KwEL)

JEJJUIKREL)

P(lsd) =l

IF (IWRITECEQ.1) WRITE (6+2)
RE TURN

FCRMAT (1hD)
END

mmmMmMmMMmMMmamMmMMmMmMMmMMmMmMmMmMMmMmmMmMmMmmMmmMmmMmMmMmmMmMmMmMmmMmmMmmm

169
170
180
190
200
210
220
230
240
2546
260
270
260
290
300
310
320
330
340
350
360~

DATE 744345/08.22.37
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LEVEL

ISA
1SN

ISA
1Sn
1SN
IS\
1SN
ISA
188\
ISA

1S
1SM
ISN
1S\
1SN
188
{5
1SN
18\
I1Sa
1SN
ISN
1SN
1SN
ISA

€le7 ( JAN T3 )

coce
¢oel

CoCe
cedy
Cove
6co7
0008
(]
colie
06011

€012
cole
c61s
cole
co17
co1s
ta1s
cezn
cczl
coz2
€023
c0ze
0025
c026
0027

C$/7360 FCRTRAN H

COMPILER OPTICNS = NaMEs MAINSOPTS00sLINECNT=S54+S12E=090:0K

rsw n

SOUSCE+EBCDICINCLIST oNODECK+LOAL +MAP P OEDIT 210+ NOXREF
SLRROUTINE ITRATE

IVPLICIT REAL®8(A~H0~2)

CCMMON /Cl7 ICIMyJDIM

CCMMON /€37 HI50+50)9STRTR

CCMMON /C47 DT -

CCMMON /C107 NUMKToNWEL

CCMMON /C217 PARMIPHREVH(S04+50) 2EPS
CCvMNON sC22/ OMEGA()0)

CCMMON /CE3/ IDIVGIKOUNT

CCMYON /C24/ LENG

IF (ICIVG.EQ.Y) GO TO 2
(RLET

KCUNT=C

FARMERY, 0

CC 1 I=l,yIDIM

DC 1 uslyuDIM
FREVA({Iod)=n(Tsd)

RETULNN

KCUNTZXOUNTe]

IF (MCC(XKOUKRTILENG)) 390394
NThz0

NTHaNThe) .
PARMEOMEGA (NTH)

RETURMN

END

b B Bt B B B B T T B T T B i B B T M T T M B B Bt B B B

10
20
30
40
50
60
70
80
90
100
110
120
130
140
150
160
170
180
190
200
210
220
230
240
250
260
270
280~

DATE 74,345/08,22.39



LEVEL

IS8
1Sn

ISA
ISAN

ISAa

1S5
I1Sa
I1Sn
1Sn
ISN
I1SA

21¢7 t AN 73 )

coo2
0003

0noé
€008
cocsé
coa7
coo08
coos
colo
coll
ool2
€013
0014

ce1s
cole

colr

cole
¢ol9
€020
0021l
goe2
Coe3

Coze

00es
00c6
0027
coe8
coe9

0030

0a22
€033
Col3e

“0035

0036
0038

057360 FGRTRAN M

COMPILER OPTIONS « NAMEz MAINCOPT=00 LINECNT25649SI2E=01C0K,

oO00ONA0 000

SOURCE+FRCDICoNCLISTyNODECKsLOADsMAP \NDEDIToI0»MNOXREF
SLERODUTINE MATCAL

INPLICIT REAL®R(A=H0=2)

CCPM»ON /Cl/ 10IMeUDIM

CCMMON #C27 T(S50450)

CCH¥NMON /C37 H(50450)sSTRTNM
CCMMON /C4s DT

CCwMMON /CS/7 P(50+50)

CCMMON /Ch/ KT

CCPYON /€97 S

CCMMEN /C137 CX

CCMMON /C187 SCALE?2 )

CCMMON #C217 PARMYPREVH(S0+50) +ERS
CCMMON /€237 I0IVGeKOUNT .

INTEGER T4P
CIMENSICN BE(S0)s G{50)y TEMP(S50)

ENTRY INITL

DIv=2,0%sCALE2 ’
GLESSLI=LDImM=]
JLESSZ2=.N1M=2
ILESS1=1DIM=]
ILESS2=1NIM=2
HETURN :

ENTRY FOW

RFQ=NXxee245/07
FE(1)=0.0
€(1)=0.0

0C 9 1=2,I01™
DC 1 J=z.JLESS]

DETERMINE nHETHER NODE IS OUTSIDE AQUIFER BOUANDARY
IF (T(lsJ)eEQ.O) GO TO

CALCULATE AVERAGE VALUES CF T BETWEEN ABUACENT NQDES,

NCDE. TI=LEFTe T2=RIGHTs T3=UPPERy T4aLUWER

TIZCFLCATIT(IvJel)«T(Ted))/01IV
TZsOFLOAT(T(IoueldsT(1oJ))/0IV
T3a0FLCAT(T(I=14J)#T(JeJ))/01V
T4sDFLOAT(T(Ieled)+T(Iou))/0]V

IF (T(leu=1),EQ,0) T1=0,0 .
IF (T(lsJel)eEQ,0) T230,0

OO IO G

10

20

30

40

S0

60

70

80

90
100
110
120
130
140
150
160
170
180
190
200
210
220
230
240
250
260
270
280
250
300
310
320
330
340
350
360
370
380
390
400
410
420
430
440
450
460
470
430
490
500

DATE T4.345/08,22.42



1SA
1SN
ISN

I1SA
ISA
1SA
1SN
1SA
1SN
1SN
1S\

1SN
ISA
188
TSN

1SN
1SN
1SN
ISA
1SA
1SA
18
1SN
1SN
1SN
ISA
1SA
1SN
1SN
IS
1SN
ISN
1SN

ISA
ISA

ISN
ISA

0040
0042
0044

0045
0046
C0a?
0«9
[ -B
002
€053
co0Sé4

0085
coseé
00s7
00c8

c059
00¢1
coe2
Coéel
Coce
€oes
0oeé
coe?
ccen
c0es
€070
0071
conre
co073
€074
cors
Q076
6077

0078
G079

¢80
coal

OOOCOOOO

aoOnNnnOon

0 o~ o

IF (T(I=1vJ)eEQ.0) T320.0
IF (T(I¢194)oEQ.0) T4x=0,0
KINCREPARM® (T]14T2¢T3¢T4)

QEFINE POUNDARY REQUIREVENTS CF CALCULATION PARAMETERS A98+CeGCoBE
FCR ROwS OF MATRIX

CALCULATE VALUES FOR PARAMETERS A9BsCeD

€20,0

2K=0.0

IF (PUIvJ)eEQ.1.ANDKTLEQ.Ll) Q21,0 .

IF (P(l1sJ)eEQ.2) ZK=21G.0D¢50

AzT)

82=T]=T2=RHC=2KeDX*92=-HINCR

C=T2 :

D23=T396 (1=143J)=RHUOPREVIF (T oJ) ¢ (TIeTO=HINCRI*H(IpJ)=To4*KH (I elyJ) ¢Q={

12KepXea2) ¥ (STRTH=N(14y)/72,0)

wWaBea®PE (J=])
PE(J)aC/W
G({J)=(D=A®G(U=1))/W
CCNTINGE

CALCULATE MEAD VALUES FCR RCWS CF MATRIX ANC PLACE THEM IN
TEMPORARY LOCATION TEMP .

IF (1.67.2) GO TO 5

DC 4 K=zloJLESS2 .
NxJDIV=K .
IF (T{IeN)) 34243

TEMPIN)BSTRTH

GC 10 4

TEMPINISGUIN)=BE(NI®TEMP (N+])

CCATIANLE ’

GC 1IN §

CC & K=l,JLESS2

NxyDIV=K

F({l=1sN)STENMP(N)

IF (TCIeN)) 74697

TEFP(N)3STRTH

GC 7O @ .

TEMP (N)SGIN)=BE(N)®TEMP (Ne])

CCNTINUE-

CCNTINUE

REYURN
ENTRY COLUMN

1ICIVG=0 .
OC 18 J=2,JDIM

OO EDIOONNCNACTNODIIOANOOIIIOIODISD

3

D0

@

OO OOHODIOODIOM

510
520
530
540
550
560
S70
580
590
600
610
620
630
640
650
660
670
680
690
700
710
720
730
740
150
760
770
780
790
800
-3%0]
8z0
830
B40
B850
860
a7o0
480
890
500
910
920
930
940
950
960
970
980
990

Gilooo
Gl1010
61020

PAGE 002



1SN

ISA

1SA
1Sa
1SN
1SN
1S\
1 $-1.9
I1SA
1SN
ISA

1SN
18\
1SN
I1SA
1SA
ISA
I1Sn
ISN

ISN
I1SA
1SN
 §-1.8

IS\
1SN
1SN
1SN
HERY
1SN
1SN
ISA
ISA
ISA
ISN
ISN

cos2

00e3

COES
CoES
coev
coeaa
COES
tosl
€0s3
€355
oes?

coesa
€059
01G0
€102
Clle
gices
106
e1o07

c1c8
0109
c110

G111

112
Clle
€115
0116
€117
ciie
€119
Ci1290
cl122
0123
01é4
0328

OCOOO0OO0O o000

o000

o000

10

11
12
13

14

0C 10 I=2.]JLESS]
CETERMINE WhHETHER NODE 1S OQUTSIDE AQUIFER BOUNDARY
IF (T(I+J).EQ.0) GO TO 10

OEFINE BOUNDARY REQUIREVMENTS OF CALCULATION FARAMETERS A+BsCoBE
FCR COLUMN OF MATRIX

CAOLCULATF AVERAGE VALLE OF T BETWEEN ADJACENT NODES

T13DFLCAT(T(Ied=1)eT(19U))/CIV
TesDFLCAT(T(IvJdel)eT(Iou))/CIV
T3aDFLCAT(T(I~14J)eT{1ed))/0IV
T4=0FLCAT(T(Ieled)¢T{1sJ))/0LV
IF (TUTeJ=1).EQ.0) T1=040

IF (T(leJel) EC.0) T2=0.

IF (T(I=14J).EQ.0) T330.0

IF (Y(1e19J)eEQe0) T4=040
RINCHZPARM® (T]10T2eT3¢14)

CALCULATE VALUES FOR PARAMETERS A9BeCoD

e30,0

2K=0,0

IF (P(leJ)eEQ.1.ANDKTLER.1) Oul.0

IF (P(1eJ)¢EQ,2) ZK510.00+50 :

AzT] .

2=T3=T4=RNR0=ZK¢DX*#2=nINCR

CaTé .
O==T1%r{[9J=1)=RHO®PREVH(IsJ)¢(T1¢T2=HINCR)ON([yJ)=T2%H (I sJel)eQ=!{
12K9DX2#2) 0 (STRTH=H{I9J)/7240)

wzR=AYEE(1])

BE(I)=C/w

G(l)=(D=aeG(]=1))/W

CCNTINLE .

CALCULATE HEAD VALUES FOR COLUMNS OF MATRIX AND PLACE IN TEMPCRARY
LCCATICN TEMP :

IF (J«GT,2) GO YO 14

0C 13 ksl.I1LESS2

NIl IVeK

IF (T(NWJ)) 12411012

TEMP (N)3STRIN

GC 10 123
TEMP(N)SG(N)=BE(N)®TENP (Ne])
IF (DARS(TEMP(N)=H(N9sJ))oGT,EPS) IDIVGm=]
CCATINLE

GC 70 1

OC 17 k=), JLESS2

N=IDIM=K

61030
Gl040
G1050
G1060
61070
G1680
Glo90
Gl100
Gl110
Glieco
Gl130
Gl140
G1150
Gl160
Gl170
G1180
G1190
G1200
Glelo
Gl2?20
Gl1230
61240
G12s0
61260
Gl1270
61280
G1290
61300
61310
61320
G1330
61340
61350
G1360
61370
61380
61390
Gl400
Glel0
Gle20
Gl430
Gléeb0
61450
Gl460
Gle«70
Gl480
G1490
61500
G1510
Gl520
61530
61540

PAGE 003

B -~10



TSN
P-4
1SN
ISN
1S\
ISA
IS\
ISA

ISA
ISn

c126
er27
€1z8
€19
0130
6131
0133
0134,

€135
0136

15
16

17
18

k(NeJ=1)=TEMP(N)

IF (TU(NeJ)) 16415016

TEFP(N)=STRTH

GC TO 17

TEMP(NYZGIN)=BEIN)®TENMP (Nel)

IF (DABS(TEMP(N)=h{NvJ)) 4GTLEPS) IDIVG=]
CCNTINLE

CCATINLE

RETURN

END

61550
G15690
G570
61580
61590
Gl1600
Gl610
Gl620
Gl630
G1640
61650
61660«
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LEVEL 217 ( JAN 73 0S/360 FORTRAN H ' DATE 74,345/08.,22,49

COMPILER thnozm « NAMEz MAINIOPT=00+L INECNT=54+STZE=0000Ky
SCURCEZEBCDICINCLISTohODECKsLOADsMAP .AnOEDITyIDINOXREF

1SA 0002 SURROUTINE RETA(KwEL) H 10

c . W20

c TRIS SUBRCUTINE CALCULATES BETAS 30

¢ . Hoo4o

IS\ 0¢03 INPLICIT REAL®8(A=Hs0=2) K 50

c H 60

1S\ cood CCPMON /C1/ I0TMsJDIM H 70

IS\ €005 CCMMON /€37 M(50050) +STRTH H 80

ISNn £006 CCPMON /€87 KT Mo 90
1SN €027 CEMMAN /C107 NUMKToNWEL K 100 .

ISn 0058 CCMMON 7C117 IAGUNDSICISKyIPUNCHs IWRITE H 110

1SN €009 CCMMON /C147 T11(T0)sdu(T0) W 120

ISNn €18 CSMVON /C197 FTRAN(G) +FHETA(4) H 130

[ . H 140

ISn col} INTEGER FTRANJFBETA H 150

IS €012 REAL #4B(100+20) H 160

c R 170

¢ CALCULATE BETAS K 180

’ c K 190

Yo co13 OC 1 KOUNT=)oNWEL H 200

ISN €ate 1=11(KCULNT) H 210

1S\ 0015 J=JJ (KCLNT) H 220

IS\ €016 1 R(KOUNToKT)=STRTH=H(]vJ) K 230

[ H 240

c WRITE OLY BETAS : H 250

c . . H 260

ISAn 0017 IF (ICISK.EQ.1) WRITE (10} (B(KOUNT+KT)»KOUNT=14NWEL) M 270

ISN 0019 IF (IPUNCh.EQ.1) WRITE (7+FBETA) KWELsKTo(B(KCUNT KT} KCUNTS1yNWEL K 280

N SR N 250

Isn co2l IF (INRITESEQ.1) WRITE (6+2) KWEL+KTs (BCKOUNToKT) yKOUNT®19NWEL) H 300

ISAn €023 RETURA H 310

V < h 320

. ¢ W 330

: c ‘ M 340

ISN 0024 2 FCRAMAT (1Xo'BETA( 91200 0Jets12e%) 044X (15F7:2)) H 350

1SN 0025 END \ H 360~

B -12



APPENDIX C

Program Output from Printe



AN} .

IRCLADs 0eIDISK=
KENC

(2014) (2137(10F8,4))
N2

LENGS 10

LENC

&N2

SCALE2= 1000,000000000000
SENC

TRANSMISSIVITY READ IN

0+ IPUNCH= 19 IWRITE=

1EPS= 0,99999599999999950-03



LENGTh OF INITIAL TIME STEP = 0031560 08

GRIC SPACING OF PROTOTYFE = 2640,0000

STCRAGE CCEFFICIENT = 0,01000000

MAXIMULM NUMBER CF TIME STEPS = 10

NUMFER CF LENGTh NOCES = 49

NUFFER CF WIDTH NCOES = 41

NUPMEER CF WELLS = 3

wELL POINTS I J
1 8 17
2 8 19
3 12 17



RPETA(
RETL(
BFEYTAL
BITal(
BEYA(
BETa
BETA(
BETA(
BETA
BETA(

1eds 1)
1eos 2)
Tods 3}
leds &)
1ede S}
1ede &)
1ede T)
1eds 8)
1eds §)
1sJ010)

16.13¢
4e531
J.02¢6
Cedl€
2.12¢
1.864
1.65¢
1e4Rg
le350
1.237

5.5812
3.538
2.745
2,321
2.021
1.785
1.565
1.439
1.310
14203

22451
2.235
1.894
1.€657
—.b@&.
1354
1.248
1,156
1,078
1,012



BETa(
BETA(
EETA(
FETA(
FETA(
BETA(
RETA(
FETA(
BETA(
BETA(

2ede 1)
Eede 2)
2eds 3)
2ede &)
2eJds 5)
2¢Je 6)
2ede 7)
2ede B)
2¢J¢,S)
2¢Je10)

Se510 17.943

353
XL
24321
24020
le.788
1e564
led3g
1.310
1.203

401239
2.7€65
2.270
1959
le727
14544
14366
1.27¢
1e174

2.166
2,082
l1.610
l.601
le443
1.317
1¢214
le127
1.054
0.992



BETAL
FETAL
RETAY(
FETA(
fETAL
FETAL
BET2Y
SETAL
BETA L
BETA!L

Jede
kN D)
KRR
KR
3sds
30de
3e0de
KRNI
3edo
Jede

h
2)
3)
&)
S)
&)
kR
&)

$)
Yo

24438
242131
1,667
le681
146450
1.357
l1e248
10187
1.080
14014

2.154
NIOQO
1.811
1.6C5
1,447
}1.320
1.216
1.130
1,056
0,964

14,471
3.018
1.336
1.456
1e264
1e165
1.059
0.992
0.938
0.892



APPENDIX D

Programs Punched Output



le0}e0

545124
3.52382
247447
2.3208
2.0206
17849
145945
1.4387
l1.3101
142035
1749428
4.1360
267653
2.2703
1.9562
17274
15640
1.3962
1e2744
11736
241563
2.0764
1.8113
1.604¢
l1e4467
13203
1.2165

1e1296

140562
009937

2,4506
2.2356
1.8542
1.6570
1.4864
1,353
l.2452
1.1545
1.0778
le0l28
201663
2.0821
1.8098
1.6015
1.4432
1.31713
1.2140
1.1278
140548
05923
14,4712
3.0180
1.8362
o558
1.2643
lelé4a?
1,0590
0.9923
0.9377
08919



